We developed a new, to the best of our knowledge, test method to measure the wavefront error of the high-NA optics that is used to read the information on the high-capacity optical data storage devices. The main components are a pinhole point source and a Shack-Hartmann sensor. A pinhole generates the high-NA reference spherical wave, and a Shack-Hartmann sensor constructs the wavefront error of the target optics. Due to simplicity of the setup, it is easy to use several different wavelengths without significant changes of the optical elements in the test setup. To reduce the systematic errors in the system, a simple calibration method was developed. In this manner, we could measure the wavefront error of the NA 0.9 objective with the repeatability of 0.003 rms ͑ ϭ 632.8 nm͒ and the accuracy of 0.01 rms.
Introduction
There have been rapidly increasing demands on small but high-capacity optical data storage devices due to the growing archive and backup requirements. The density of the optical disk is increased as a NA of the objective lens is higher, or the wavelength is shorter. For example, the compact disk uses NA 0.45 optics at 780 nm for 650 Mbytes of data storage and the digital video disk uses NA 0.6 optics at 650 nm for 4.7 Gbytes. From 2003, the new data storage device called the Blu-ray disk has been commercialized for more than 23 Gbytes of data storage, which can contain 2 h of digital high-definition video or 13 h of standard broadcast. This device uses a high-NA optics of 0.85 at 405 nm of wavelength. Also, several other research studies are still being carried out for higher data storage. For example, for 100 Gbytes readonly memory (ROM) disk, the high-density near-field optical recording system that uses a 405 nm laser wavelength and a NA of 1.84 has been reported. 1 This high-NA optics has a near diffraction-limited performance so that it is essential to test the optics before using it. One way to test the high-NA optics is to measure the wavefront error (WFE). The rms WFE of the diffraction-limited optical system is 0.07 rms, according to Rayleigh criteria. However, it has been rare to talk about the WFE of a high-NA optics. The main reason would be that it is very difficult to generate the high-NA reference wavefront by a conventional transmission sphere used in commercial phase shifting interferometers (PSI).
In this situation, the point-diffraction interferometer 2 (PDI) may be a promising candidate for the WFE measurement of high-NA optics because the high-NA spherical wave can simply be obtained by using a small pinhole. It is a rule of thumb that the diameter of a pinhole is 0.5͞NA for a wavelength and a NA. For example, the pinhole of 110 nm in diameter can produce the NA 1.84 spherical wave at a 405 nm wavelength according to this rule of thumb. Several researchers have demonstrated that the wavefront from a pinhole is a near-ideal spherical wave. [3] [4] [5] However, the conventional PDI or phaseshifting point-diffraction interferometer 6 (PS͞PDI) has been used for low NA optics because of feature size limitation in the point-diffraction device, even though some researchers developed a special PDI to measure the NA 0.8 optics. 7 In the research described below, we developed a new, to the best of our knowledge, method to measure the transmitted WFE of the high-NA optics by using a Shack-Hartmann (SH) sensor as a wavefront sens-ing instrument and a pinhole to generate the reference spherical wave. The SH sensor has been widely used for the optical testing. 8 -14 It has a wide dynamic range, insensitivity to vibration, and simplicity of the system. Also, it does not need to use significant effort to make a good fringe visibility, as in the PDI or PS͞PDI. Furthermore, due to its simplicity, it can accurately measure the WFE of optics at several different wavelengths just with some relatively simple calibration method, while the conventional interferometer needs to modify its optical components significantly depending on the wavelength used. These advantages have made the SH sensor a promising alternative for the interferometer in many applications.
In Section 2, the test method for the high-NA optics is described, and the calibration process related to the systematic errors in the test setup is explained in Section 3. Some experimental results with the NA 0.9 objective are shown in Section 4. Figure 1 shows the schematic test setup for the WFE measurement of high-NA optics. The primary light source is a 632.8 nm He-Ne laser that can easily be replaced with another light source such as a 405 nm laser diode because of the coupling of the laser and single-mode fiber. The laser is linearly polarized. The beam after fiber is focused onto the pinhole with the focusing lens. The pinhole generates the near-perfect spherical reference wavefront without the need of any optics. The beam passing through the test lens are imaged on the SH senor by relay optics that consists of two doublets. The magnification of relay optics is 1.7.
Test Setup
The SH sensor used in this research is a commercially available unit. It has a 37 ϫ 37 array of microlenses of which the diameter is 198 m, and the focal length is 15.483 mm. The microlens array is placed in front of a CCD, which has a 1004 ϫ 1004 pixel array, and its pixel size is 7.4 m ϫ 7.4 m. This SH sensor has its aperture of 7.4 mm ϫ 7.4 mm and can operate at a bandwidth of 300-1100 nm.
To measure the NA 0.9 optics, we prepared two pinholes, 300 nm in diameter for the 632.8 nm wavelength and 200 nm in diameter for 405 nm according to a rule of thumb explained in Section 1. The pinholes are fabricated on the 200 nm thick Ag films, which are coated on the glass substrate with ionassisted evaporation process, with focused ion-beam equipment. Figure 2 shows the scanning electron microscopy (SEM) image of the 300 nm pinhole. The size of pinhole is 353 nm in long axis and 345 nm in short axis, which shows a good circularity. According to Goldberg et al., 4 this pinhole can generate the diffracted spherical wavefront of which the peak-tovalley (PV) error is within 0.13 nm. The linear polarization of the beam does not significantly affect the quality of diffractive spherical wavefront. According to Sekine et al. 3 the PV WFE of a spherical wavefront after an elliptical pinhole (length of each axis varied from 30 to 60 nm) was within 0.01 ͑ ϭ 13.5 nm͒ even with a linear polarized input beam. As for the 200 nm pinhole, its size was 222 and 216 nm in long and short axes, respectively, which qualifies to generate the spherical wave to test the NA 0.9 optics at 405 nm wavelength.
Calibration Method
This test setup has two kinds of error sources to be overcome for the accurate measurement; errors in the SH sensor and aberrations generated by relay optics. To reduce the effects of errors, it is necessary to calibrate the test setup. As a calibration method, we used the high-quality reference lenses of which the WFE is 0.01 rms ͑ ϭ 632.8 nm͒, measured by a ZYGO interferometer (model GPI-XP). The reference lens has the low NA of 0.1 so that there is no significant misalignment error when measuring it with the ZYGO interferometer. This reference lens replaced target optics in Fig. 1, and 
is used, another reference lens that has a high quality at that wavelength needs to be prepared. These measurement data were stored as a reference file. These reference data include all kinds of errors of the test method, including aberrations from relay optics, nonuniformity of the lens array of the SH sensor, and the centroid error due to the pupil irradiance profile generated by a polarized laser beam. Therefore, the measurement of the target optics with respect to this reference data is absent from the error sources. Figures 3(a) and 3(b) show the WFE maps of the reference lens before and after the calibration process. The WFE of the reference lens is 0.031 rms ͑ ϭ 632.8 nm͒ before the calibration; however, it is reduced to 0.003 rms after using it as a reference file. The main source of the residual error is thought to be the electrical noise of the detector. Obviously, this error does not mean the measurement uncertainty because the reference data include the WFE of reference lens, which is significant compared with the residual WFE after the calibration. In this calibration method, the quality of the reference lens is the major limitation of the measurement accuracy. Nevertheless, the high-quality reference lens and small residual error make it possible to measure the WFE of the target optics with the diffraction-limited performance.
Measurements of the Numerical Aperture 0.9 Objective
To verify the capability of measuring the high-NA optics, we measured NA 0.9 microscope objective lens from Nikon Company (BD Plan Apochromat 81838), using the method suggested in this paper. The working distance and the exit pupil size of this objective are ϳ400 m and 3.4 mm, respectively. This exit pupil is expanded by 1.7ϫ image relay optics to fill the sensing area of SH sensor. The relay optics and SH sensor were calibrated by the procedure explained in Section 3. Figure 4 shows the WFE of NA 0.9 objective at two different wavelengths, 632.8 and 405 nm. The different pinholes were used for each wavelength: 300 nm pinhole for the 632.8 nm wavelength and 200 nm pinhole for 405 nm. However, the same calibration processes were carried out in both cases before the measurement of the objective. The analysis software calculated the WFE by modal methods. 15 The high-NA optics is sensitive to the alignment, especially to the lateral shift. Therefore, the pinhole point source and test optics should be aligned precisely. For this, the test optics was aligned until we obtained the minimum value of coma and the symmetric intensity distribution. The rms WFEs of the objective were 39.9 nm for the 632.8 nm wavelength and 52.3 nm for 405 nm wavelength. This small difference means that the microscope objective used in this measurement was well made to correct the chromatic aberration, which is compliant to the specification of the product. Also, this experiment shows the flexibility in the test wavelength; without a significant change of the optical components in the test setup, we could measure the optics at two distinctive wavelengths.
To estimate the measurement uncertainty of the test method, the same objective was measured ten times repeatedly at the 632.8 nm wavelength. Each WFE was fitted to 36 Zernike circular polynomials according to the Born and Wolf representation. 16 The standard deviation (SD) of the rms WFE of repeated measurements is 0.003 ͑1͒, which is exactly the same as the residual WFE explained in Section 3. This means that the variation of the measurement is mainly from the detector electrical noise. Figure 5 shows the averaged aberration polynomial coefficients and the SD of each coefficient. These variations of each coefficient imply the limit of the measurement repeatability of the test setup. Figure 6 shows the polynomial coefficients measured at two different axial rotation orientations, 0°a nd 180°. Particularly, the signs of coefficients related to the axial rotation (7th-10th, 16th-21th, and 29th-36th terms) in the 180°rotation measurement data were reversed to make it easy for the comparison of two measurements. It is not clear whether the aberration measured follows the axial rotation of the test optics because of the fluctuation of the coefficients. Actually, the fluctuations of each coefficient are within the variation of the repeated measurements shown in Fig. 5 , which means that there are no significant systematic errors in the test setup. It is clear from experiments above that this test method can measure the WFE of the high-NA optics with diffraction limited performance with the repeatability of 0.003 rms ͑ ϭ 632.8 nm͒.
Concluding Remarks
In this paper, we explained the new test method to measure the high-NA optics, using a SH sensor as a WFE sensing instrument and a pinhole to generate the high-quality reference spherical wave. After the proper calibration process, this test setup could measure the NA 0.9 objective with the repeatability of 0.003 rms ͑ ϭ 632.8 nm͒ and the accuracy of 0.01 rms. This accuracy was dependent on the quality of the reference lens used in the calibration. If we use the higher quality of reference lens, then we would be able to measure the target optics with higher accuracy. This test method also made it easy to use several different wavelengths without significant changes of the optical elements in the test setup. Therefore, this method is quite useful in measuring the high-NA optics in terms of generation of the high-NA reference wave and flexibility in the usable wavelength.
To measure even higher NA optics in this manner, there are at least two obstacles to overcome; light transmission and quality of spherical wave. In the measurement of the NA 0.9 objective, the light transmission through the pinhole of 300 nm diameter was enough to align the test optics and measure the WFE using a CCD of SH sensor. However, if we reduce the diameter of pinhole to measure higher NA optics, the low light transmission would be a serious problem. To get around this problem, the high-power light source or high-performance cooling CCD might be helpful. Another critical problem is that as the NA of optics is higher, the working distance is decreased, even in the region of Fresnel diffraction. That means that the wavefront from the pinhole may not be an ideal spherical. In this case, the quite different calibration process may be needed to compensate the distorted wave from the pinhole. The limitation on the NA measurable using the method explained in this paper needs to be investigated further.
